Influenza virus RNA-dependent RNA polymerase is a multi-functional heterotrimer, which uses a 'cap-snatching' mechanism to produce viral mRNA. Host cell mRNA is cleaved to yield a cap-bearing oligonucleotide, which can be extended using viral genomic RNA as a template. The cap-binding and endonuclease activities are only activated once viral genomic RNA is bound. This requires signalling from the RNA-binding PB1 subunit to the cap-binding PB2 subunit, and the interface between these two subunits is essential for the polymerase activity. We have defined this interaction surface by protein crystallography and tested the effects of mutating contact residues on the function of the holo-enzyme. This novel interface is surprisingly small, yet, it has a crucial function in regulating the 250 kDa polymerase complex and is completely conserved among avian and human influenza viruses.
Introduction
Influenza kills 450 000 people in the United States every year on an average (WHO, 2003) , and estimates of the death toll in the 1918 pandemic range up to 50 million people worldwide (Taubenberger et al, 2005) . Recent outbreaks of highly pathogenic avian influenza viruses in Asia have rapidly spread across continents, and present vaccines and medication seem unlikely to greatly alleviate any epidemic or pandemic, should these viral strains adapt to human hosts (Peiris et al, 2007) . The viral RNA (vRNA) polymerase is not yet a target of any approved pharmaceutics, but has recently become a focus for the development of new anti-influenza drugs, as it is highly conserved in strains of influenza virus, which infects both birds and human beings. The vRNA polymerase carries out a number of essential processes in the viral life cycle, but many of these and their regulation remain poorly understood (Elton et al, 2005) . The three subunits, PB1, PB2, and PA, play distinct roles within the polymerase, and are all essential for viral replication; but despite considerable functional analyses, relatively little is known about their structure (Tarendeau et al, 2007 Guilligay et al, 2008; He et al, 2008; Obayashi et al, 2008; Dias et al, 2009; Yuan et al, 2009) . Here, we have solved the crystal structure of a complex formed by fragments of PB1 and PB2. This subunit interface is essential for transcription initiation. Similar to the PA-PB1 interface (He et al, 2008; Obayashi et al, 2008) , this interaction depends on a short N-terminal fragment of one protein, which raises the possibility that a suitable small molecule may be able to disrupt the interaction in vivo and significantly restrict viral replication.
The RNA polymerase of influenza A virus forms an RNP complex with each of eight negative-strand RNA genome segments and nucleoprotein packaged within the mature virion (Portela and Digard, 2002) . Once an RNP complex is released into the host cell cytoplasm, it uses nuclear import machinery to move into the nucleus (Whittaker and Digard, 2005) , where it initiates viral mRNA transcription by the process of 'cap snatching' (Plotch et al, 1981) . This process involves cutting an mRNA cap-containing oligonucleotide from host cell pre-mRNA to extend into viral mRNA, which then polyadenylates at the 3 0 end (Poon et al, 1999; Zheng et al, 1999) . The polymerase synthesizes viral genomic RNA (vRNA) and complementary RNA (cRNA) in appropriate proportions, each with the correct ends and with no cap. The regulation of these processes is not well understood, though some details are known. Cap binding to PB2, for example, requires vRNA binding (Cianci et al, 1995; Li et al, 1998) . This may reflect interactions between the three subunits, all of which are essential for both RNA transcription and replication (Huang et al, 1990; Nagata et al, 2008) . The nature of the PA-PB1 contact has been determined by functional studies and characterized crystallographically (He et al, 2008; Obayashi et al, 2008) . PB2 can also interact with PB1, but there is no direct interaction between PA and PB2 (St Angelo et al, 1987; Digard et al, 1989) . Although additional regions of contact are reported between these subunits (Biswas and Nayak, 1996) , mutational analyses indicate that the C-terminus of PB1 (residues 712-746) forms the core interaction with the N-terminus of PB2 (Gonzalez et al, 1996; Poole et al, 2007) . Toyoda et al (1996) used an immunoprecipitation assay and deletion mutants to show that the N-terminal 249 amino acid residues of PB2 can bind to PB1. However, a subsequent study from the same laboratory detected PB1 by co-precipitation with PB2 minus the N-terminus, suggesting the possibility of another region of interaction with PB1 (Ohtsu et al, 2002) . This was supported by Poole et al (2004) , who also identified a second PB1-binding site in the C-terminal half of PB2. To clarify the interaction between the two subunits, we have independently determined the binding domains located at the extreme C-terminus of PB1 and the N-terminus of PB2. The crystal structure of the complex formed by these regions has been determined and refined to 1.7 Å resolution, and transcriptional activity assays used to observe the effects of mutating contact residues at this interface.
Results

PB1-PB2 interaction domain
To characterize the interaction between PB1 and PB2 in more detail, we used a co-precipitation assay to observe binding between fragments of the C-terminus of PB1 with the Nterminus of PB2. It was found that only a short region, residues 678-757, of PB1 was required for tight binding, in agreement with the earlier results (Poole et al, 2007) . This fragment (called PB1-C) was tested with residues 1-37, 1-86, 37-174, 252-490, and 530-759 of PB2, but only the 1-37 and 1-86 fragments of PB2 showed binding ( Figure 1A ). Residues 37-177 of PB2 did not bind to the C-terminus of PB1, in agreement with Perales et al (1996) , who showed that deletion of 27 amino acids from the N-terminus of PB2 dramatically diminished viral RNA polymerase activity. They further showed that the N-terminal 124 residues of PB2 behave as a dominant-negative inhibitor of virus transcription. Furthermore, a PB2-specific monoclonal antibody raised against the N-terminus of the protein is able to inhibit the initiation step of transcription in vitro, presumably by interfering with binding to PB1 (Barcena et al, 1994; Ochoa et al, 1995) . In the co-precipitation assay, PB2 residues 530-759, including the proposed second PB1-binding site, were not found to interact with the C-terminus of PB1. These results clearly show that the C-terminus of PB1 and the Nterminus of PB2 form the principal, if not only, subunit interface. The interacting fragments are notably short sequences from each subunit, only 80 and 37 residues of PB1 and PB2, respectively. Together, these fragments comprise around only 6% of the total molecular weight of the holoenzyme, yet are responsible for crucial communication between subunits.
The crystal structure of the complex form Co-expression in Escherichia coli of PB1-C (residues 678-757 of PB1) with PB2-N (residues 1-37 of PB2) yielded a stable complex that we could purify and crystallize with two copies in the asymmetric unit. The X-ray crystal structure was initially refined to 2.1 Å resolution in space-group P2 1 , revealing the complex to be a single compact domain ( Figure 1B Figure 1 The nature of the PB1-PB2 interface. (A) Co-precipitation experiments of the C-terminus of PB1 (residues 678-757) co-expressed with different fragments of PB2 carrying a hexa-histidine tag at the N-terminus. The red arrow indicates the PB1-C peptide, which is retained on a Ni-NTA column only with the constructs in lanes 1 (residues 1-37) and 2 (residues 1-86). (B) An overall ribbon diagram showing the structure of the complex, with helices from PB1 coloured red, and helices from PB2 coloured blue. Coil regions are coloured green. (C) The same model as (B), but rotated 901 around a horizontal axis to show the separation between the three helices of the N-terminal peptide of PB2. The principal contacts all involve helix 1 of PB2 (residues 1-12). (D) The sequences of the complexed fragments with a sequence alignment of human (H1N1) influenza, an avian strain (A/Duck/Hong Kong/2000, H5N1), and H7N7 (A/Equine/London/1416/1973). Secondary structure is indicated with red or blue bars showing helices in PB1 and PB2, respectively, and broken lines showing disordered regions. Amino acid residues shown in white on blue form hydrophobic contacts across the PB1-PB2 interface; residues shown in red are not conserved between different viral strains, and, therefore, unlikely to have an essential function. Overall, the interface region between PB1 and PB2 is very highly conserved. and C), which is very highly conserved among all influenza virus strains ( Figure 1D ). Nearly all the residues of the two polypeptide chains are visible in the electron density, with only a few residues at the chain termini being disordered. The final electron density map at 1.7 Å resolution (in space-group C2) covering key interface residues is shown in Figure 2 . Both PB1-C and PB2-N consist of three a-helices, but neither polypeptides alone adopt a stable tertiary structure. Helix 1 of PB2-N lies against helices 2 and 3 of PB1-C, and helix 1 of PB1-C is held between all three helices of PB2-N. PB2-N has an extended shape with almost no intermolecular contacts between its three helices. N-terminal fragments of PB2 could be readily expressed and purified with an N-terminal GST tag, but these fusion proteins showed no binding to PB1 in vitro, suggesting that they are not properly folded. The complex could only be produced by co-expression of the PB1 and PB2 domains. The interface buries over 1400 Å 2 of surface area, consistent with tight binding, and includes four salt bridges: between Glu 2 and Lys 698, Arg 3 and Asp 725, Arg 3 and Lys 698, and Glu 6 and Lys 698 ( Figure 3A ). All the other eight hydrogen bonds between the polypeptides involve mainchain atoms. Analysis of the model by PISA (Krissinel and Henrick, 2007) suggested that a similar interface is present in the KIX domain of mouse CREB-binding protein (PDB 1kdx), but direct superposition of the model shows a rather different interaction between polypeptide chains. No subunit interface in PDB was found to share the same '3 plus 3' helix structure, and the most similar ones, including 1kdx, have a buried surface area less than half that of PB1-PB2. Unlike the interaction between the C-terminus of PA and the N-terminus of PB1 (He et al, 2008; Obayashi et al, 2008) , which has a predominantly hydrophobic character, the PB1-PB2 interface shows more polar interactions and is more extensive in sequence length and buried surface area ( Figure 3B and C). However, the majority of the interaction energy appears to be contributed by helix 1 of PB2-N, which involves not only the four salt bridges to PB1-C, but also the key apolar contacts, such as Ile 4 and Leu 7 ( Figure 3B and D). These two residues are completely buried in the protein interface.
The RNA polymerase activity of PB1 or PB2 double mutants To test the model functionally, we examined the effects of different PB2 mutations on the level of viral RNA synthesis in vivo (Figure 4 ). Without PB2, no product RNA is detectable in the assay. Deleting helix 1 (residues 1-12) of PB2 reduces the RNA polymerase activity by 90%. Mutant PB2-N in which Ile 4 and Leu 7 were replaced with serine residues also showed a dramatic reduction in product RNA yield. Simultaneously replacing Leu 7 and Leu 10 with serine produced a similar effect. Two more double mutants were prepared, in which PB1 residues Val 715 and Ile 750, or Ile 746 and Ile 750 were replaced with serine. Both these PB1 mutants showed a significantly reduced yield of vRNA and a substantial but smaller drop in the yield of cRNA and mRNA ( Figure 4 ). These results are compatible with the structural model, in which Leu 7 is buried within the hydrophobic core of the structure. The side chain of Val 715 is buried close to that of Leu 7, but nearby polar residues at the protein surface, including Ser 713 and Arg 754, should be able to accommodate a serine side chain comfortably. Ile 750 lies close to the protein surface in the model, which presumably allows a polar residue to occupy this position without preventing PB1-PB2 binding.
The RNA polymerase activity of PB1 or PB2 single mutants Further experiments were conducted with mutant PB2-N, in which a single residue was changed at a time. The RNA synthesizing activity significantly dropped in the case of the I4D mutation, but a much more dramatic reduction in mRNA yield was found when Leu 7 was replaced with aspartate ( Figure 5A ). Similar experiments were performed, in which PB1 residues Leu 695 and Ile 750 were individually replaced with aspartate, Phe 699 with alanine, and Val 715 with serine. None of these mutants showed a significantly reduced yield of mRNA except V715S, for which the mRNA yield dropped by about 80% ( Figure 5A ). Leu 695 and Ile 750 are accessible to solvent water, which presumably allows an aspartate residue to replace either of them without preventing PB1- PB2 binding. The nearby Arg 8 on PB2 may even allow a novel interaction to form with the carboxylate group of Asp 750 in the mutant. The side chains of both Val 715 and Phe 699 are buried close to that of Leu 7. Replacing Phe 699 of PB2 with alanine is expected to introduce a substantial cavity within the interface, and extra flexibility may account for the significantly enhanced activity in the functional assay with this mutant. The very strong depression of the enzyme activity in the V715S mutant was not predicted from the crystal structure, as mentioned above. In particular, the model gives no reason to believe that the valine to serine mutation will prevent or greatly weaken the PB1-PB2 interaction, which prompted us to investigate this mutation further.
Analysis of the Val715 mutation in PB1
By reverse genetics, a recombinant virus carrying a PB1 genome segment possessing the V715S mutation was created.
The seven other genome segments are all wild type. This allowed us to analyse the effect of the single-site mutation at the level of primary transcription from infecting vRNP. We succeeded in recovery of V715S virus, although the virus titer was less than that of wild type ( Figure 5B ). As RNA polymerase is a structural part of the vRNP, the isolation of virus indicates that the PB1-PB2 interaction is not prevented completely. We examined the level of viral primary transcription from infecting vRNP in the presence of cycloheximide (CHX), a potent protein synthesis inhibitor. It is known that inhibition of viral protein synthesis represses new vRNP formation, thereby resulting in degradation of replicated viral genomic RNA, but not of viral mRNA (Vreede et al, 2004) . In this way, we could evaluate the viral transcription activity independent of viral genome replication or the efficiency of RNA polymerase complex formation. The level of primary transcription from infecting V715S vRNP was found to be decreased significantly compared with that from wild type ( Figure 5C ). As expected from the lower level of primary transcription, the synthesis of vRNA, cRNA, and viral mRNA in cells infected with V715S virus was also reduced in the absence of CHX ( Figure 5D ). The results of the in vitro and in vivo functional assays strongly suggest that the Val 715 residue in PB1 is involved in one or more steps in RNA synthesis. To exclude the possibility that the V715S mutation simply blocks PB1-PB2 binding, co-precipitation experiments were carried out, in which the co-expressed PB1-PB2 complex was attached to a Ni-NTA column using a histidine tag fused to PB2-N. The column was washed before eluting with imidazole, and the loss or retention of PB1 was determined by gel electrophor- Figure 4A . The L7D mutation effectively abolishes polymerase activity. (B) The yield of progeny virus. MDCK cells were infected with either wild-type or PB1-V715S virus at an MOI ¼ 1. After 24 h post infection, the supernatants were collected, and the plaque titer was determined using MDCK cells. The wild-type virus showed roughly 10-fold greater yield than the PB1-V715S mutant. (C) The level of vRNA synthesis in MDCK cells infected with wild-type virus or PB1-V715S virus. MDCK cells were infected with either wild-type or PB1-V715S virus in the presence of 100 mg/ml cycloheximide to block protein synthesis. The real-time quantitative PCR assays were carried out with a primer set specific for NP mRNA, showing that mRNA synthesis is severely curtailed by the single mutation. (D) An identical experiment to (B), but without the addition of cyclohexmide. Production of mRNA (left-hand panel), cRNA (centre) and segment 5 vRNA (right-hand panel) were assayed separately. The mutant polymerase shows significantly reduced activity for each product. The b-actin mRNA was used as an internal control for the whole procedure (see Materials and methods).
esis. Free PB2-N was easily degraded and not detected in this assay. The L695D, F699A, and I750D mutants all showed no binding to PB2-N, whereas the V715S mutation allowed PB1 to remain bound to PB2, as expected from the crystal structure ( Figure 6A) . Clearly, the co-precipitation assay is not a test of equilibrium binding, but also depends on the dissociation rate of the partner proteins. Nevertheless, the results irrefutably show that the V715S mutation does not block PB1-PB2 binding. A weakened interaction between PB1 and PB2 is not apparently incompatible with the enzyme activity under the assay conditions used, although full-length PB1 and PB2 were used in the polymerase activity assays. The V715S mutant, however, shows both significant PB2 binding and greatly reduced enzyme activity, which suggests that a slightly altered mode of interaction may have an effect on the efficiency of the polymerase activity. The enzyme activity is not lost in this case by failure of PB1 and PB2 to bind to each other.
The crystal structure presented here shows that the PB1-C and PB2-N peptides form a novel fold depending on the presence of both partner chains. This structure clearly represents the principal contact between the subunits, but does not exclude the possibility that there is another contact surface in the holo-complex. In fact, we found by pull-down assay that full-length PB2 lacking helix 1 does apparently interact with full-length PB1, albeit weakly ( Figure 6B ), in agreement with Poole et al who showed that PB2 interacts with PB1 through its N-and C-termini (Poole et al, 2004) . The weak band ( Figure 6B ,lane 4) in pull-down assays is, however, far from definitive evidence of a specific, biologically relevant interaction. In contrast, subunit interaction through the PB1-Nand PB2-C-termini is readily demonstrable without resorting to autoradiography.
Discussion
Earlier reports have shown that a mutation in one of the polymerase subunits may affect the function of other subunits and be suppressed by a compensating mutation in another subunit (Treanor et al, 1994; Fodor et al, 2002) . This suggests that there are regulatory mechanisms of the different polymerase functions involving communication between subunits, and that Val 715 in PB1 may assist the transcription of virus genes by signalling between PB1 and PB2. In this scenario, the V715S mutation allows PB1 and PB2 to bind, but interferes with communication between them. A major reorganization of T7 RNA polymerase occurs during RNA synthesis (Yin and Steitz, 2002) . If the influenza RNA polymerase undergoes a similar, drastic conformational change, then inhibition of the switch, or destabilization of either state, could also explain the reduced polymerase activity of the V715S mutant. The crystal structure presented here offers no obvious explanation for the loss of activity, as a serine side chain is not much smaller than valine, and the hydroxyl group could hydrogen bond to nearby solvent water. The tight PB1-PB2 binding observed with the V715S mutant is, therefore, completely in agreement with the molecular model. As the V715S mutant does not weaken the subunit interaction, its effects apparently occur through structural or dynamic changes in the complex during RNA synthesis. The strong sequence conservation of the PB1-PB2 interface also argues against a simple, rigid contact, which simply serves to hold the two subunits together.
Functional studies confirm the importance of helix 1 of PB2-N to viral RNA synthesis. As shown in Figure 4 , deleting this helix (residues 1-12) greatly reduces the RNA polymerase activity. Additional experiments conducted with mutant PB2 also showed a dramatic reduction in mRNA synthesis with various interface mutants, such as L7D, which blocks PB1 binding to PB2-N. In contrast, some of the PB1 mutants show very different effects on subunit binding and polymerase activity. For example, the F699A and I750D mutants show weak PB2 binding, but increased enzyme activity. These results show that the PB1-PB2 interface is not merely a passive attachment surface by which the partner proteins come together, but that it has an important function in regulating the overall enzyme activity. This interface is surprisingly small, yet it has a crucial function in regulating the 250 kDa polymerase complex. It is completely conserved among avian and human influenza viruses, notably including strains associated with high mortality, but unlike any other structure in the Protein DataBank. Given its importance to viral replication and strict conservation, the PB1-PB2 interface appears as a promising target for novel anti-influenza drugs of use against all strains of influenza A virus. It is
Pull-down - Figure 6 Binding assay of PB1 and PB2 mutants. (A) Co-precipitation experiments using PB1-C (residues 678-757) co-expressed with the N-terminus of PB2 (residues 1-86) carrying a hexa-histidine tag at the N-terminus. The complex was loaded on a nickel affinity column and washed before eluting with imidazole and assaying by SDS-PAGE gel. The Coomassie blue stained gel shows that the PB2 fragment is degraded in the absence of PB1 (lane: ÀPB1). The wildtype PB1 sequence and the V715S mutant both bound strongly to wild-type PB2-N, giving a band for each denatured polypeptide. All the other single mutations tested show significant or complete loss of binding, and consequent degradation of PB2-N.
(B) Immunoprecipitation assay of PB1-PB2 interaction. Full-length wild-type PB2, PB2(D1-12), and full-length wild-type PB1 were separately expressed in an in vitro (rabbit reticulocyte lysate) translation system (Promega). 35 S-methionine labelling was carried out according to the manufacturer's protocol. The recombinant PB1 was incubated with wild-type PB2 (lane 3) or PB2(D1-12) (lane 4) at room temperature for 1 h, and then immunoprecipitated using anti-PB2 antibody and protein A-sepharose beads. Protein eluted from the beads was analysed by 7.5% acrylamide SDS-PAGE and visualized by autoradiography. Lane 1 shows PB1 alone, and lane 2 represents a mock experiment. Lane 4 shows a faint band corresponding to PB1, indicating a much weaker interaction with the mutant PB2 than with wild type (lane 3).
hoped that the structure presented here will assist the search for such compounds.
Materials and methods
Cloning, expression, and purification of the PB1-PB2 complex Cloning and purification were essentially carried out as for the PA-PB1 complex described earlier (Obayashi et al, 2008) . The sequences used are from influenza A/Puerto Rico/8/1934. Fragments of the PB2 gene encoding residues 1-37, 1-86, 37-174, 252-490, and 530-759 were cloned into pET28b with a hexa-histidine tag and TEV cleavage site at the N-terminus. The PB1-C coding region was cloned downstream of the PB2 gene with a ShineDalgarno sequence. The resulting co-expression plasmid was transformed into E. coli BL21(DE3)RILP codon-plus strain, and cells were cultured at 151C overnight after induction with 0.5 mM IPTG. The PB1-PB2 complex was purified by chromatography using Ni-NTA agarose (Qiagen), followed by SP and Q (GE Healthcare) sepharose. The histidine tag was removed by TEV protease digestion after Ni-NTA chromatography, and the purified complex was then concentrated to 5 mg/ml by centricon YM-3 (Millipore) for crystallization. The co-precipitation assay was carried out basically by the same method as for purification of above PA-PB1 complex. After purification by Ni-NTA, proteins were analysed by SDSpolyacrylamide gel electrophoresis (15%) and staining with Coomassie blue.
Crystallization and data collection
Crystals of the PB1-PB2 complex were originally grown by the hanging drop vapour diffusion method against a crystallization buffer containing 0.1 M potassium phosphate (pH 5.8) and 15% PEG 4000 at 201C. Diffraction data were collected from a crystal cooled to À1801C. Crystallization buffer containing 25% glycerol was used to prevent icing. X-ray diffraction data were collected at beam-line 17A at the Photon Factory in Japan. One selenomethionyl-substituted crystal was used to collect datasets at three different X-ray energies around the Se-K absorption edge. Data were measured using an ADSC Quantum 270 CCD detector. The crystals formed in space-group P2 1 with a ¼ 44.27 Å , b ¼ 61.48 Å , c ¼ 45.47 Å , b ¼ 103.41, and contained two copies of the complex in the asymmetric unit. Subsequently, higher quality crystals were grown using buffer containing 0.8 M sodium citrate and 20% PEG 4000 at 201C. The crystals formed in space-group C2 with a ¼ 60. 70 Å , b ¼ 69.99 Å , c ¼ 61.35 Å , b ¼ 97.91 , and contained two molecules in the asymmetric unit. All diffraction data integration, scaling, and merging were performed using HKL2000 and SCALE-PACK (Otwinowski and Minor, 1997) .
Structure determination and refinement
The positions of 12 out of 14 possible selenium sites were found by analysing the P2 1 multi-wavelength datasets with SHELXC and SHELXD (Sheldrick, 1986) . Phase determination was carried out with SOLVE (Terwilliger and Berendzen, 1999) . After solvent flattening with RESOLVE (Terwilliger, 2003) , the electron density was interpreted and traced using COOT (Emsley and Cowtan, 2004) . The model was refined with REFMAC (Murshudov et al, 1997) . Solvent molecules were placed at positions where spherical electron density peaks were found above 1.3 s in the |2F o ÀF c | map and above 3.0 s in the |F o ÀF c | map, and where stereochemically reasonable hydrogen bonds were allowed. Structural evaluation of the final models of the PB1-PB2 complex using PROCHECK (Laskowski et al, 1993) indicated that 95% of the residues are in the most favourable regions of the Ramachandran plot, with no residues in 'disallowed' regions. The final model contains 109 of the 117 residues in the sequence, with residues 678-684 of PB1 and 36-37 of PB2 unobserved. A summary of the data collection and refinement statistics is given in Table I . The structure in space-group C2 was solved by molecular replacement, and refinement carried out as for the first structure. Atomic coordinates and structure factors of the complex have been deposited in the Protein Data Bank under accession code 2ZTT (P2 1 ) and 3A1G (C2).
Reconstitution of viral RNP in transfected cells
The in vivo viral RNA polymerase assay using reconstituted viral RNP was performed as described earlier (Hara et al, 2006) . HeLa cells were transfected with viral protein expression plasmids encoding PA, PB1 (either wild-type or mutant), PB2 (either wildtype or mutant), NP, and pHH21-vNS-Luc reporter plasmid. This reporter plasmid carries the luciferase gene in reverse orientation sandwiched between 23 nucleotide-long 5 0 -and 26 nucleotide-long 3 0 -terminal promoter sequences of the influenza virus segment 8, 
where F o and F c are the observed and calculated structure factor amplitudes, respectively. The free Rfactor was calculated with 5% of the data excluded from the refinement.
which is placed under the control of the human Pol I promoter. After incubation for 16 h, total RNA purified from the cells was subjected to reverse transcription with different primers to assess the level of vRNA, cRNA, and mRNA. The 5 0 -TATGAACATTTCGCAG CCTACCGTAGTGTT-3 0 , which corresponds to the luciferase coding region between nucleotide sequence positions 351 and 380, was used to measure the vRNA level. The 5 0 -AGTAGAAACAAGGGTGTT TTTTAGTA-3 0 , which is complementary to the 3 0 portion of the segment 8 cRNA, was used to measure cRNA synthesis, and oligo(dT) 20 was used to measure mRNA. The synthesized singlestranded cDNAs were subjected to real-time quantitative PCR analysis (Thermal Cycler Dice Real Time System TP800; TaKaRa) with two specific primers, 5 0 -TATGAACATTTCGCAGCCTACCGTAG TGTT-3 0 corresponding to the luciferase coding region between nucleotide sequence positions 351 and 380, and 5 0 -CCGGAATGATTT GATTGCCA-3 0 complementary to the luciferase coding region between nucleotide sequence positions 681 and 700. NP mRNA transcribed from the expression plasmid was used as an internal control.
Generation of recombinant virus
A recombinant virus carrying the PB1-V715S mutation was generated by the plasmid-based transfection method (Neumann et al, 1999) . The PB1-V715S genome segment and seven other wildtype genome segments were generated by cellular RNA polymerase I and wild-type PB1, PB2, PA, and NP were produced from plasmids encoding these proteins by cellular RNA polymerase II. After incubation for 48 h post transfection, an aliquot of the cell culture supernatant was used for virus amplification in MDCK cells. At 48 h post infection, the culture fluid was collected and stored at À801C until use.
Assay of RNA polymerase activity in infected-MDCK cells MDCK cells were infected with either wild-type or V715S virus for 3 h. Total RNA was subsequently isolated and reverse transcribed with either 5 0 -AGTAGAAACAAGGGTATTTTTCTTTA-3 0 , which is complementary to the 3 0 portion of the segment 5 cRNA, oligo(dT) 20 , or 5 0 -GACGATGCAACGGCTGGTCTG-3 0 corresponding to the viral NP gene between nucleotide positions 424 and 444. These different primers allowed cDNA templates to be produced, which in turn could be assayed to find the level of cRNA, mRNA, and vRNA, respectively. These single-stranded cDNAs were subjected to real-time quantitative PCR analysis with two specific primers, 5 0 -GACGATGCAACGGCTGGTCTG-3 0 and 5 0 -AGCATTGTTCC AACTCCTTT-3 0 , which are complementary to NP mRNA between bases 424 and 444, and 595 and 614. As a standard, b-actin mRNA was also amplified with two specific primers, 5 0 -ATGGGTCAGAAGG ATTCCTATGT-3 0 and 5 0 -GGTCATCTTCTCGCGGTT-3 0 , which are complementary to b-actin mRNA between bases 139 and 161, and 343 and 360, respectively. The relative amounts of vRNA, cRNA, and mRNAs were calculated by using the second derivative maximum method.
